We have recently reported that in bone the cannabinoid CB1 receptor is present in sympathetic terminals. Here we show that traumatic brain injury (TBI), which in humans enhances peripheral osteogenesis and fracture healing, acutely stimulates bone formation in a distant skeletal site. At this site we demonstrate i) a high level of the main endocannabinoid, 2-arachidonoylglycerol (2-AG), and expression of diacylglycerol lipases, enzymes essential for 2-AG synthesis; ii) that the TBIinduced increase in bone formation is preceded by elevation of the 2-AG and a decrease in norepinephrine (NE) levels. The TBI stimulation of bone formation was absent in CB1-null mice. In wild-type animals it could be mimicked, including the suppression of NE levels, by 2-AG administration. The TBI-and 2-AG-induced stimulation of osteogenesis was restrained by the ␤-adrenergic receptor agonist isoproterenol. NE from sympathetic terminals is known to tonically inhibit bone formation by activating osteoblastic ␤2-adrenergic receptors. The present findings further demonstrate that the sympathetic control of bone formation is regulated through 2-AG activation of prejunctional CB1. Elevation of bone 2-AG apparently suppresses NE release from bone sympathetic terminals, thus alleviating the inhibition of bone formation. The involvement of osteoblastic CB2 signaling in this process is minimal, if
In vertebrates, bone mass and shape are determined by continuous remodeling that consists of the concerted and balanced action of osteoblasts, cells that form bone, and osteoclasts, cells that resorb bone (1) . The majority of bone diseases, such as osteoporosis, osteopetrosis, and osteosclerosis result from impaired remodeling balance. Bone remodeling, in turn, is subject to central control mainly through the sympathetic nervous system (2, 3) , which is partially regulated by the endocannabinoid system (4, 5) .
The endogenous cannabinoids bind to and activate the CB1 and CB2 cannabinoid receptors. Both are seven-transmembrane domain receptors that share 44% homology. They are coupled to the Gi/o subclass of G-proteins and inhibit stimulated adenylyl cyclase activity (6) . CB1 is present mainly in the brain and in peripheral nerves and accounts for most of the central nervous system actions of cannabinoid drugs and endocannabinoids (7, 8) . CB2 is predominantly expressed in peripheral tissues (9 -11) . The endocannabinoid system, through the CB1 and CB2 receptors, has been recently implicated in the regulation of bone remodeling and bone mass (12) (13) (14) (15) . Whereas CB2 is abundantly expressed in osteoblasts and osteoclasts, stimulating bone formation and inhibiting bone resorption, CB1 expression is extremely low in bone cells (12) (13) (14) (15) . Nevertheless, CB1-deficient mice, at least those with a C57BL/6J background have low bone density, in part because of a substantial decrease in their bone formation. This decrease is explainable by the absence of CB1 receptors normally expressed in bone sympathetic nerve fibers (15) .
A direct clinical evidence for the central control of bone formation is the highly consistent observation of increased osteogenesis in patients with traumatic brain injury (TBI), which leads to heterotopic ossification (HO) and enhanced fracture healing mainly in the appendicular skeleton (16 -18) . However, the pathways mediating the TBI-induced increase in bone formation are not fully understood. In mice, TBI acutely stimulates central production of the major endocannabinoid 2-arachidonoylglycerol (2-AG) (19) , which is physiologically present both in the central nervous system and in peripheral tissues (20, 21) . In sympathetic nerve terminals, prejunctional activation of CB1 by 2-AG inhibits the release of norepinephrine (NE) (4, 5) . In bone, NE derived from these terminals activates osteoblastic ␤2-adrenergic receptors (␤2AR) and tonically inhibits bone formation (2) . We have, therefore, hypothesized that the sympathetic CB1 in bone stimulates osteoblast activity by restraining NE release, thus alleviating the NE inhibition of bone formation.
To test this hypothesis, we established a mouse model in which controlled TBI induces acute stimulation of bone formation measured in trabecular bone in the distal femoral metaphysis. We also demonstrate skeletal 2-AG production and further show the absence of TBI-stimulated bone formation in mice with a CB1 null-mutation. CB2 null mice respond normally to TBI. The TBI-induced stimulation of bone formation was preceded by an increase in the metaphyseal 2-AG level and a decrease in NE. The TBI-induced inhibition of bone NE levels and enhancement of bone formation were mimicked by exogenously administered 2-AG and was prevented by pretreatment with the ␤-adrenergic receptor agonist, isoproterenol (ISO).
MATERIALS AND METHODS

Animals
All animals in the study were 9-to 12-week-old mice. Mice with a deletion of the CNR2 gene (CB2 Ϫ/Ϫ mice) were crossed for 10 generations to wild-type C57BL/6J mice to generate a congenic C57BL/6J CB2 Ϫ/Ϫ strain (22) . Two mutant mouse lines with deficiency in the CNR1 gene (CB1 Ϫ/Ϫ mice) were used. In one line, backcrossed for at least 10 generations to C57BL/6J mice (C57 CB1Ϫ/Ϫ ), almost the entire proteinencoding sequence was removed (8) . In the other line, backcrossed for 17 generations to CD1 mice (CD1 CB1Ϫ/Ϫ ), the N-terminal 233 codons of CB1 were ablated (23) . The skeletal phenotype of these mice has been reported recently (15) . The use of animals was approved by the Institutional Animal Care Committee of the Hebrew University of Jerusalem and by the Bezirksregierung Köln.
Traumatic brain injury
TBI was initially induced in male C3H mice (Harlan Laboratories, Jerusalem, Israel) using the closed head injury (CHI) model developed and modified in our laboratory (24, 25) . Briefly, the skull was exposed by a midline incision under isofluorane anesthesia. A Teflon TM cone, 2-mm diameter, was placed ϳ1 mm left of the midline on the anterior frontal area. The head was fixed; the skin was retracted; and a 75 g weight was dropped from 12 cm height, which resulted in a focal injury to the left hemisphere. Sham controls received anesthesia and skin incision only. One hour after injury the animals were subjected to neurological severity score (NSS) test (26) . Animals with NSS Ͻ6 or NSS Ͼ9 were excluded from further analyses. Experiments involving genetically modified mice were carried out in female mice. In each case the WT and background strain was matched. mRNA analysis MC3T3 E1 osteoblastic cells, newborn mouse calvarial osteoblasts (NeMCO), and osteoclast-like cells generated from the RAW 264.7 monocytic cell line in the presence of RANK ligand (RANKL) were cultured as reported previously (14) . Total RNA was extracted from the cells, purified, and reverse-transcribed using routine procedures. The following primers were used for PCR: ␤-actin, sense, 5Ј-GAGACCTTCAACACCCCAGCC-3Ј; antisense, 5Ј-GGCCA-TCTCTTGCTCGAAGTC-3Ј. Diacylglycerol lipase (DAGL) ␣, sense, 5Ј-GGAGAACCCGTCCCTTAGC-3Ј; antisense, 5Ј-GCC-CGAAGCAAGATTTCCT-3Ј. DAGL␤, sense, 5Ј-CAAGTCC-GTGCTTATGCCT-3Ј; antisense, 5Ј-CGGGGAGTATCGGGT-TAGA-3Ј.
Immunohistochemistry
Mice were killed by transcardial perfusion of phosphate buffered saline followed by 4% parafomaldehyde. The femora were dissected and further fixed with parafomaldehyde for 2 h at 4°C. The specimens were decalcified in 0.5 M EDTA and sections were reacted with anti-DAGL␣ and anti-DAGL␤ antibodies kindly provided by Dr. Ken Mackie (University of Washington, Seattle, WA, USA). Further processing was carried out using the SuperPicture™ Polymer detection Kit (Zymed Laboratories, San Francisco, CA, USA; cat no. 87-9263) according to the manufacturer's instructions.
Ligand administration
2-AG at 10 mg/kg was injected intraperitoneally (i.p.) once as ethanol/emulphor/saline (1:1:18) solution to normal C57BL/6J and mutant CB1 Ϫ/Ϫ and CB2 Ϫ/Ϫ mice. This dose was selected based on an initial dose-response analysis, which showed that the stimulation of bone formation rate by 2-AG reaches a plateau at 10 mg/kg. ISO at 6 g/g/day was administered i.p. during the 10 days preceding TBI or 2-AG injection as reported previously (27) .
Histomorphometry
To study bone formation, newly formed bone was vitally labeled by the fluorochrome calcein (Sigma-Aldrich, Rechovot, Israel), 15 mg/kg intraperitoneally. In experiments designed to measure bone formation up to 8 days post-TBI, the animals received the calcein flurochrome four days and one day prior to sacrifice. In experiments measuring bone formation 24 h after TBI the first calcein dose was administered one day prior to TBI and the second one day thereafter. In all experiments the animals were sacrificed 24 h after the second calcein injection.
Whole femora were processed undecalcified as reported previously (15) . Longitudinal sections through the midfrontal plane were left unstained for dynamic histomorphometry based on the vital calcein double-labeling. To identify osteoclasts, consecutive sections were stained for TRAP. Dynamic histomorphometric parameters and osteoclast counts were determined in the distal femoral metaphysis according to a standardized nomenclature (28) .
Endocannabinoid determination
Bone 2-AG was measured in distal femoral and proximal tibial metaphyseal pools. Specimens were frozen in liquid nitrogen immediately after dissection and then stored at -80°C until used.
Tissue extracts in chloroform/methanol/Tris-HCl, containing d5-2-AG (Cayman Chemicals, Ann Arbor, MI, USA) as internal standards were processed and analyzed by liquid chromatography-atmospheric pressure chemical ionisationmass spectrometry (LC-APCI-MS) as reported previously (29) .
Bone norepinephrine determination
NE was also determined in pools of distal femoral and proximal tibial metaphyses by using a modification of a previously published method (30) . In short, following separation, the metaphyses were weighed and homogenized in 1 ml extraction buffer containing 0.1 mM sodium metabisulfide and 20 ng 3,4-dihydroxybenzylamine (DHBA) as an internal standard. The homogenates were centrifuged, and the supernatant was transferred to 10 mM Na 2 S 2 O 5 solution containing acid-washed alumina with subsequent addition of 1 ml of 1 M Trizma base containing 2% EDTA. The samples were vortexed and centrifuged, and the supernatant was discarded. The alumina was then washed with water, and the NE were desorbed from the alumina with 0.1 M perchloric acid containing 0.1 mM Na. 2 S 2 O 5 . Further NE measurement was performed by highperformance liquid chromatography with electrochemical detection (HPLC-ECD) by using a 15 cm ion-pair chromatography column (NovaPak C18; Waters Corporation, Milford, MA, USA). The column was eluted with 6% methanol in aqueous solution containing 0.07 M disodium hydrogen orthophosphate, 0.2 mM EDTA, and 3 mM heptanosulphonate. The flow rate was 0.7 ml/min with electrochemical detector sensitivity at 50 nA and applied potential of 0.7 V. Measurements were made using the internal DHBA standard as reference.
Leptin determination
Blood was obtained by cardiac puncture, and serum leptin determined by ELISA using a commercially available kit (Linco Research Co., St. Charles, MO, USA; cat. no. EZML-82K) according to the manufacturer's instructions.
Testing of 2-AG in bone cell cultures
2-AG was studied for possible effects on cell growth and activity in the MC3T3 E1 osteoblastic cell line and primary cultures of newborn mouse calvarial osteoblasts (NeMCO) according to previously reported protocols (14) . Briefly, the cells were initially incubated in osteogenic medium for 10 -12 days, to allow for sufficient CB2 expression, followed by 2 h serum starvation. Ligands were dissolved in DMSO and further diluted to their final concentration by using tissueculture medium. Cell counts and alkaline phosphatase activity were determined after 48-h incubation in ␣-MEM supplemented with 4% BSA and ligands.
Statistics
Analyses were carried out using SigmaStat software (SPSS Science, Chicago, IL, USA). Multiple comparisons in the case of multiple time and/or treatment groups were assessed by using analysis of variance (ANOVA). When significant differences were indicated by ANOVA, group means were compared using the Student-Newman-Keuls posthoc method for multiple comparisons. We used the Student's t test when two groups were compared. Regression analysis was employed to assess the effect of 2-AG on osteoblasts in culture.
RESULTS
Stimulation of peripheral bone formation by TBI
Using the CHI as a mouse model for TBI (24), we demonstrate that acute brain damage induces an increase in peripheral bone formation. On day 2 after TBI in C3H males the bone formation rate (BFR) in the distal femoral metaphyseal trabecular compartment was 20% higher compared to untreated controls. Thereafter, it declined to resume baseline level on day 6 (Fig. 1A) . Bone formation is modulated by changes in the number of osteoblasts and/or in their activity. Here, the increase in BFR reflected stimulation of mineral appositional rate (MAR) (Fig. 1B) , a surrogate of osteoblast activity (28) , whereas the mineralizing perimeter (Min.Peri), a surrogate of osteoblast number (28) remained unchanged (Fig. 1C) . Such a rapid bone formation response is apparently consistent with the stimulation of mature osteoblast activity, rather than an increase in osteoblasts number, which comprises a lengthier process of proliferation and differentiation of preosteoblasts (31) . At least theoretically, the activation of fully differentiated osteoblasts could occur even earlier than two days after TBI. Indeed, the BFR measured 24 h post-TBI in the distal femoral metaphysis was ϳ38% higher than either the untreated or sham-TBI controls ( Fig. 2A) . As in the case of the 2-and 4-day post-TBI stimulation in bone formation ( Fig. 1) , this increase reflected a statistically significant stimulation of MAR (Fig. 2B) accompanied by a lesser, statistically insignificant elevation of the Min.Peri (Fig. 2C) . No differences were found in the number of osteoclasts at any of the time points studied (data not shown and Fig. 2D ), suggesting that the early TBI-induced signals to bone are targeted only to osteoblasts.
Presence of 2-AG in bone
TBI acutely stimulates central production of the major endocannabinoid, 2-AG (19) . In addition, it has been recently reported that CB1 receptors are expressed in sympathetic nerve terminals in the vicinity of trabecular osteoblasts (15) and that functional CB2 receptors are present in osteoblasts and osteoclasts (14) . We show now that 2-AG is present in the trabecular bone of intact mice (3.4Ϯ0.26 nmol/g wet tissue), at levels in the same magnitude as the brain content of this endocannabinoid (6.2Ϯ1.80 nmol/g wet tissue). High levels of 2-AG (1.401Ϯ0.140 nmol/mg lipid) were also found in MC3T3 E1 osteoblasts. Because the 2-AG synthesizing enzymes DAGL␣ and DAGL␤ (32) are expressed in bone cells (Fig. 3) , and because the blood 2-AG level is negligible (33) , local skeletal production appears to be the main source of these high levels. Together with the expression of the two cannabinoid receptors in bone, these findings implicate the occurrence of a complex skeletal endocannbinoid system.
Effect of TBI on peripheral bone formation in cannabinoid receptor deficient mice
To assess whether a direct endocannabinoid effect on bone cells is involved in the TBI-induced stimulation of bone formation, we compared post-TBI bone formation in CB2 Ϫ/Ϫ and WT mice. Similar to WT mice, the CB2-deficient animals showed a robust increase in BFR (Fig. 4A) consequent to an increase in MAR (Fig. 4B) . Unlike the WT mice, the CB2 Ϫ/Ϫ mice also demonstrated a significant elevation in their Min.Peri (Fig. 4C) . By contrast, TBI failed to evoke an osteogenic response in two distinct lines of CB1 Ϫ/Ϫ mice (Fig. 5 ) despite vast differences in their basal skeletal phenotype (15) . Importantly, CB1 expression is unaltered in the CB2 Ϫ/Ϫ mice (data not shown). Collectively, these data indicate that the TBI-induced stimulation of bone formation is critically dependent on the presence of functional CB1, but not CB2 receptors. 
2-AG regulates bone NE levels
To further characterize the role of CB1 in regulating bone formation, we tested whether the bone levels of 2-AG are affected by TBI. Indeed, measurements carried out in the metaphyseal trabecular compartment showed 50% increase in 2-AG content already 8 h post-TBI with a progressive decrease thereafter. The bone 2-AG returned to normal levels by 4 h later (Fig.  6A) . Because i) CB1 is present in bone sympathetic nerve terminals (15) ; ii) prejunctional activation of CB1 by 2-AG inhibits the release of norepinephrine (NE) (4, 5); and iii) sympathetic signaling tonically inhibits bone formation by a direct action of NE on osteoblastic ␤2AR (2), we measured NE levels in contralateral sites of animals subjected to 2-AG determination. As expected, the NE bone content declined after TBI, with the decrease peaking 12 h after injury (Fig. 6A) . The 4 h time difference between the peak increase in 2-AG and peak decrease in NE is in support of a downregulation of NE by 2-AG in trabecular bone. This temporal causal relationship between trabecular bone 2-AG and NE was substantiated by demonstrating more than 35% decreases in NE levels both 8 and 12 h after exogenous 2-AG administration (Fig. 6B ). The causal relationship between CB1 signaling and decrease in skeletal NE is further suggested by the unaltered bone 2-AG and NE levels in the CB1 Ϫ/Ϫ mice, whereas in CB2 Ϫ/Ϫ animals bone 2-AG was increased and NE was decreased similarly to WT controls (Figs. 6C, 6D ).
Is leptin involved in the TBI-induced stimulation of bone formation?
Leptin is a negative regulator of bone formation (34) and 2-AG synthesis (35) . It is also an activator of the sympathetic nervous system (3). The serum leptin level is chronically decreased in patients with TBI stimulated osteogenesis (36) . Measuring serum leptin in the present study revealed an initial elevation 3 h post-TBI followed by normal levels determined 5 and 21 h thereafter (Fig. 7) .
2-AG mimics the TBI-induced stimulation of bone formation
To demonstrate that 2-AG indeed regulates bone formation, and not just bone NE levels, we measured bone formation 24 h following a single 2-AG administration. Indeed, 2-AG administration to WT and CB2 Ϫ/Ϫ mice enhanced bone formation rate in the distal femoral metaphysis (Fig. 8A , top and middle panels) mainly consequent to an increase in MAR (Fig. 8B , top and middle panels). As in the case of the TBI mice (Fig.  4C) , a statistically significant increase in the Min.Peri was found only in the absence of CB2 (Fig. 8C, 
middle panel). Like TBI in CB1
Ϫ/Ϫ mice, administration of 2-AG to these animals had no significant effect on the BFR, despite a slight inhibition of the MAR (Fig. 8,  bottom panels) . This inhibition is consistent with the suppression of proliferation, especially in NeMCO (Fig.  10B ). 2-AG has a relatively short life span (37); therefore, these data demonstrate that activation of CB1 by a transient systemic increase in 2-AG is sufficient to evoke an osteoblastic anabolic response that leads to increased bone formation.
To confirm that the TBI-and 2-AG-induced stimulation of osteogenesis are mediated by the sympathetic nervous system, we further tested the effect of the ␤-adrenergic receptor agonist, ISO on bone formation. Indeed, pretreatment with ISO completely blocked the effect of TBI (Fig. 9A, B , upper panels) and markedly attenuated the 2-AG-stimulated bone formation (Fig. 9A, B , bottom panels). In either case it had no effect on the Min.Peri (Fig.  9C) . Hence, ISO reinstates the activation of osteoblastic ␤2AR (2) and the consequent tonic inhibition of bone formation, which had been alleviated by the 2-AG-CB1-mediated decrease in NE levels.
Does 2-AG affect osteoblasts directly?
CB2, but not CB1, is abundantly expressed in differentiating and mature osteoblasts (14) and 2-AG is perceived as an agonist for both CB1 and CB2 (38) . We were, therefore, surprised that the bone anabolic response was preserved, or even increased, in the CB2 deficient mice. To clarify this point, we tested the effects of 2-AG in the osteoblastic cell line MC3T3 E1 and in the NeMCO system, comparing it to the activity of the CB2-specific agonist HU-308 (39). As reported previously (14) , HU-308 potently increased the cell number in both cell systems. It also stimulated the activity of alkaline phosphatase, an in vitro surrogate for osteoblast activity. By contrast, 2-AG had no effect on, or even inhibited cell number and alkaline phosphatase activity (Fig. 10) . These data confirm that the stimulatory effect of 2-AG in bone is mediated by receptors present in cells other than osteoblasts, most likely sympathetic fibers (15) .
DISCUSSION
We have recently reported the expression of CB1 receptors in bone sympathetic nerve terminals (15) . The present study further demonstrates that the sympathetic control of bone formation is regulated by the endocannabinoid system through modulation of the CB1 activity by 2-AG, which is synthesized predominantly by bone cells. Elevation of the bone 2-AG level apparently suppresses the release of NE from the bone sympathetic nerve terminals, thus alleviating the inhibition of bone formation that results from the activation of osteoblastic ␤2AR (Fig. 11) . The involvement of 2-AG and the CB1 cannabinoid receptor in the modulation of bone sympathetic activity was targeted using the TBI stimulation of bone formation (16 -18) . We show here that this phenomenon can be reproduced in different mouse strains (C3H, C57BL/6J, and CD1) and is gender-independent. Although the TBI-induced changes in bone 2-AG and NE levels appear not to be sustained beyond the initial 24 h after injury, they could still trigger a prolonged bone anabolic response evident for at least 4 days in the mouse and many months in humans.
Several humoral osteoblast mitogenic factors, such as prolactin, insulin-like growth factor-1, growth hormone, and basic fibroblast growth hormone have been suggested as mediators of the TBI-induced stimulation of bone formation (16, 40 -41) . In addition, serum from human patients and experimental animals with TBI is mitogenic to osteoblasts in vitro (18, (42) (43) (44) (45) . However, at least acute skeletal response to TBI is not mitogenic and, therefore, the involvement of these factors in this response is unlikely. Leptin is known to positively regulate the sympathetic inhibition of bone formation (2) and negatively regulate 2-AG synthesis, at least in the central nervous system (35) . Hence, under circumstances of increased 2-AG levels and bone formation we had expected a decrease in serum leptin. The present elevated or unchanged serum leptin levels thus suggest that it is not associated with the short-term response to TBI. Actually, the present results are in support of the involvement of a neuronal pathway in this phenomenology. Namely, using a mouse model for TBI and CB1
Ϫ/Ϫ mice we show an acute enhancement of peripheral bone formation, which is mediated by the cannabinoid receptor, CB1. In this regard, it is noteworthy that we have recently reported distinct skeletal phenotypes in two mouse lines carrying different CB1 mutations (15) . However, the present absence of an osteogenic response to TBI in both lines indicates that either mutation leads to nonresponsiveness to 2-AG. We further show a high level of 2-AG in normal trabecular bone. As in the brain (19) , the trabecular bone 2-AG level is stimulated by TBI, demonstrating a temporal pattern consistent with the timing of the initial increase in bone formation. One source of 2-AG in the skeleton could be local production by bone cells, suggested by the high 2-AG levels in osteoblast-like cell cultures. In addition, cells of the osteoblastic lineage express DAGL␣ and DAGL␤ in vitro and in vivo. DAGL␤ is also expressed by osteoclasts. Hence, increased DAGL expression and/or activity might be involved in processes leading to altered skeletal 2-AG levels. The involvement of enhanced gene expression in the process may also explain the 8 h delay between TBI and peak elevation in bone 2-AG level. A neural source of the skeletal 2-AG is another alternative, since it has been shown that endocannabinoids are produced by neurons in the central nervous system and in peripheral nerves. Their release from nerve cells is regulated by depolarizing stimuli (46, 47) , which herein could result from the brain injury. Hence, the mechanisms underlying the increase in both brain and bone 2-AG levels may be similar, operating at pre-and/or postjunctional sites. This does not contradict the TBI-like stimulation of bone formation by exogenously administered 2-AG, inasmuch as endocannabinoids from the extracellular fluid could also access the sympathetic nerve terminal-osteoblast gap (15) . Since 2-AG has a short life span (37), its inhibitory effect on NE levels 8 and 12 h after a single administration suggests that it triggers a cascade of events that maintains a several-hour-long restraint of bone NE. In fact, we have previously demonstrated such a delayed inhibitory effect of 2-AG on post-TBI transactivation of nuclear factor kappa B (NFB) in the central nervous system (48) .
The decrease in trabecular bone NE by increased 2-AG levels is consistent with the endocannabinoid inhibition of sympathetic activity in other peripheral tissues such as blood vessels, vas deferens, heart, and lung (4, 49 -54) . Activation of CB1 at prejunctional axon terminals inhibits neurotransmitter release from the synaptic vesicles possibly by three mechanisms: inhibition of voltage-dependent calcium channels, activation of potassium channels, and direct interference with the vesicle release machinery (55) . In turn, the consequent reduced activation of osteoblastic ␤2AR may lead to altered signaling events involving CRE activation and expression of transcription factors associated with the biological clock (56) .
CB2 is abundantly expressed in differentiating and mature bone cells (14) . Hence, the increase in osteoblast number (Min.Peri) in the CB2-deficient mice after TBI or 2-AG administration could occur secondary to changes in CB1 expression, inasmuch as a crosstalk altering receptor expression in knockout models for neuronal receptor families has been reported in other instances (57) . However, the skeletal CB1 mRNA level remains unaltered following CB2 deletion. Alternatively, the increase in osteoblast number and activity in response to TBI and to exogenously administered 2-AG in the CB2-null mice could result from mitigation of a CB2-mediated, direct inhibition by 2-AG suggested by the 2-AG-induced decrease of these parameters in culture. These data further imply that in osteoblasts 2-AG acts as a CB2 inverse agonist. This type of 2-AG activity has not been shown elsewhere and should, therefore, be considered rather speculative and be the subject of a further detailed study.
In the absence of significantly increased bone 2-AG levels in CB1 deficient mice, the complete loss of sympathetic and osteogenic responses to TBI in these mice could suggest that these responses are 2-AGdependent. However, the finding that, like TBI, 2-AG administration also failed to stimulate bone formation in the CB1 Ϫ/Ϫ mice indicates that CB1 signaling per se is a critical link mediating the osteogenic response to TBI. As to CB2, the overall evidence presented here, including the similarity in 2-AG and NE responses to TBI between the WT and CB2 Ϫ/Ϫ mice, implies that this receptor is minimally involved, if any, in the TBI stimulated osteogenesis.
Changes in bone remodeling, detectable weeks to months after endocrine manipulations that affect hormone and growth factor levels are well documented. The present and previously published findings (14, 15) demonstrate the occurrence of a skeletal endocannabinoid system consisting at least of the CB1 and CB2 receptors, the 2-AG ligand and 2-AG synthesizing enzymes. We further characterize a neuronal process whereby 2-AG, through CB1, can regulate the sympathetic nervous system, thus controlling bone formation within several hours after challenge. Given the neuroprotective role of endocannabinoids (19, 58) , it is tempting to speculate that this acute skeletal anabolic activity represents a bone mass protective mechanism targeted to preventing bone loss that otherwise occurs secondary to reductions in muscle activity and mechanical stimuli commonly associated with traumatic brain and spinal cord injuries.
